Objective: Preliminary studies suggested an association between red blood cell (RBC) transfusion and necrotizing enterocolitis (NEC) in premature neonates. An advantageous effect of withholding feeds during transfusion has never been studied. We aimed, first, to determine whether preterm infants who developed NEC were more likely to be transfused in the 48 to 72 h before the diagnosis of NEC; second, to test if a strict policy of withholding feeds during transfusion would decrease the incidence of transfusion-associated NEC.
Introduction
Necrotizing enterocolitis (NEC) is one of the most overwhelming diseases that mainly attack premature infants. It affects about 2 to 3% of those below 34 weeks gestation, 1 and about 6 to 7% of very low-birth weight infants (<1500 g). 2, 3 Although NEC is much less common in term infants, its outcome is not better. 4 NEC is associated with increased length of stay, morbidities and mortality. 5 In surgical cases, mortality from NEC may exceed 50% (ref. 6) and survivors are at high risk for poor neurodevelopmental outcome. 7 With the exception of a few reports, the incidence of NEC has not changed over the years. 8, 9 The incidence of NEC varies between different countries 10 and between different neonatal intensive care units (NICUs) in the same country. 3, 11 Although risk adjustment could mitigate this difference, some centers report no single cases of NEC for years. 3 This indicates that, in addition to the major predisposing factors in the pathogenesis of this disease, different practices may affect the incidence of this disease. 12 The association between NEC and red blood cell (RBC) transfusion has been a subject of recent debate. [13] [14] [15] [16] [17] On the basis of this presumptive association between RBC transfusion and NEC, some NICUs have set their policy to avoid feeding during transfusion. 18 A recent study demonstrated that transfusion negatively affects the post-prandial increase in mesenteric blood flow. 19 However, no study has looked directly into the protective effect of the practice of stopping feeds during transfusion on the development of NEC.
In this study, we examined the association of RBC transfusion with NEC in low-birth weight infants in a single tertiary level NICU. Furthermore, we sought to determine whether the incidence of NEC changed in the same NICU after adoption of a policy to withhold feeds during RBC transfusion.
Methods
We conducted this study in two phases. In phase 1, retrospective case-control analysis was conducted on preterm (<32 weeks gestational age), low-birth weight (<2500 g) infants born at The George Washington University Hospital between October 2000 and December 2006. Cases diagnosed with NEC were compared with controls matched by birth weight (within 50 g), gestational age (within 6 days) and gender. NEC cases and controls were compared for the frequency of RBC transfusion in the 48 and 72 h before the onset of NEC (in cases) or before the matched age in the control group. Other risk factors for NEC were compared between the two groups.
In light of clinical observation of cases, in which infants developed NEC after RBC transfusion and other published reports identifying this association, a policy was developed and strictly applied since October 2008. According to this policy, feeding was withheld immediately before and during the period of transfusion, then resumed immediately after completion of transfusion. In phase 2 of our study, we compared the incidence of NEC in the 18 months preceding implementation of the strict policy with withhold feeds during transfusion to the incidence of NEC in the 18 months after implementation. Demographic and clinical data of study infants including transfusion history were collected.
The diagnosis of NEC was made if the infant met the criteria of Bell's classification for confirmed or advanced NEC (stage 2 or 3). 20 That did not include those infants who demonstrated feeding intolerance, and were kept nil per os (NPO) for a period shorter than 7 days. Because it is difficult to differentiate spontaneous intestinal perforation from NEC, this group was included in the NEC group. This study was approved by the Institutional Review Board at George Washington University.
Transfusion practice
Babies were transfused for hematocrit <35% if symptomatic or if birth weight <1200 g in the first 2 weeks of life regardless of their symptoms. These symptoms include the need for respiratory support or unexplained tachycardia. Asymptomatic infants or infants <1200 g beyond the first 2 weeks of life were transfused if hematocrit <30 based on an individual patient approach, which considers the reticulocytic count, post-menstrual age, last time of transfusion, availability of same donor blood and/or poor sucking.
The transfused RBCs were O Rh negative in blood type, stored in citrate-phosphate-dextrose-adenine-1, hemoglobin S negative, and with rare exception leukoreduced before storage and cytomegalovirus seronegative. Each red cell unit was received from the blood supplier (American Red Cross) with multiple attached pediatric aliquot bags. An individual red cell unit was assigned to an infant, and aliquots were prepared from the assigned unit, irradiated and issued as requested for transfusion until the unit was expended or until the outdate (35 days from date of collection). Each RBC unit was 2 to 11 days old at the time of transfusion of the first aliquot prepared from the unit. A volume of 15 ml kg
À1
was given over a period of 4 h. 
Statistical analysis

Results
During the 6-year study period, a total of 747 infants <2500 g were admitted to the NICU, and 25 of them developed NEC. Data were collected for 25 matched controls. In the NEC group, infants developed NEC at a median age of 22 days (interquartile range 10 to 40) and 8 (32%) infants had stage 3 NEC with pneumoperitoneum. Demographic and clinical information for the study population are presented in Table 1 . The median number For the control group, transfusion was calculated before the day that match the day of occurrence of NEC in the corresponding case.
Transfusion, feeding and NEC M El-Dib et al of transfusions before NEC occurred was 3 (interquartile range 1 to 6). In the control group, the number of transfusions before matched age was also 3 (interquartile range 2 to 6, P ¼ 0.323).
A greater percentage of infants in the NEC group received transfusions in the 48 and 72 h preceding diagnosis as compared with matched controls (Figure 1) . Details of the transfused RBCs were available in 47 out of the 50 studied subjects. One patient in the control group received RBCs from a red cell unit that was not labeled as cytomegalovirus seronegative (in the year 2000). Four patients (two cases and two controls) received RBCs from a total of five RBC units that were not leukoreduced (in the year 2000).
The average age of the transfused RBCs did not differ between cases and controls (9.8±7.9 vs 9.4±10.4). Of the infants who developed NEC (n ¼ 25), 14 developed NEC within 48 h of RBC transfusion (transfusion-associated NEC) compared with 11 who developed NEC with no RBC transfusion in the previous 48 h (non-transfusion-associated NEC). The demographics and clinical characteristics of these groups are compared in Table 2 .
We compared the incidence of NEC before and after institution of the policy of withholding feeding during transfusion. In the 18 months before implementing the policy, 171 infants <2500 g were admitted to the NICU and 9 of them developed NEC. In the 18 months following implementation of the policy, 155 were admitted and only 2 developed NEC (P ¼ 0.047). Table 3 compares the demographics of those before and after implementing the policy. Other practices, including feeding protocols, have been stable over the two epochs.
Discussion
In this study, we could demonstrate two important hypothesisgenerating points. First, those who developed NEC were more likely to have had a RBC transfusion in the preceding 48 and 72 h. Second, a strict policy of withholding feeds during transfusion in a single level III NICU was associated with a reduction in the incidence of NEC.
RBC transfusion has been associated with NEC in multiple reports. [13] [14] [15] Transfusion-associated NEC was shown to present around 22 h after transfusion in infants who were previously stable, growing, non-ventilated and receiving full enteral feeds. 16 Another study demonstrated transfusion-associated NEC to occur at younger gestational age, lower birth weight, later postnatal age, in infants who were fed larger amounts of milk in the 24 h before transfusion Figure 1 Comparison between the incidence of packed red cells (PRBCs) transfusion between cases and controls at 24 and 48 before the onset of necrotizing enterocolitis (in controls, matched age was used). Expressed in median (interquartile range).
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and who were more likely to have been fed a bovine product. 17 In our study, cases with transfusion-associated NEC did not differ from non transfusion-associated NEC in the age at which NEC developed and the type or amount of feeding. Of note, transfusionrelated NEC remains controversial; a recent retrospective study could not find an association between transfusion and NEC. 21 Although we demonstrated the relationship between RBC transfusion and NEC, the exact mechanisms underlying this association are not fully understood. Anemia itself is not proven to directly cause NEC, whereas severe anemia impairs oxygen delivery to the intestine, and the physiologically justified escalated demand for oxygen at the time of enteral feeding may not be met in anemic patients. Transfusion can suddenly increase viscosity of the circulating blood; and studies on animal and human have linked increased blood viscosity with the development of bowel ischemia and NEC. 22, 23 However, the most studied mechanisms are centered around two mechanisms, namely, vasoactive and inflammatory. First, ischemia-reperfusion interrupts the vascular tone in the mesentery that is normally controlled by a delicate balance between endothelial relaxing mediators, such as nitric oxide, and constricting mediators, such as endothelin-1, respectively. 24 Moreover, RBCs express an endothelial-like nitric oxide that regulates the deformability of RBCs and inhibits platelets activation. 25 These functions of the RBC decrease significantly with the increased age of blood. 26 Second, stored blood has been implicated in the pathogenesis of multiple organ failure that occurs via stimulation of production of inflammatory cytokines. In vitro, stored RBCs can stimulate polymorphonuclear cells to produce interleukin (IL)-8 and secretory phospholipase A2. Also stored RBCs have an increased amount of tumor necrosis factor, IL-1, IL-6 and IL-8 with the concentrations of IL-1 and IL-8 progressively increasing with the duration of storage. 27 Transfusion of stored RBCs has been associated with increased morbidity and mortality in adult and pediatric cardiac cases. 28, 29 However, when RBCs are leukoreduced before storage, the relationship between the age of RBCs and the expression of pro-inflammatory cytokines disappeared. 16, 30 As the RBCs used in this study series were leukoreduced, the age of transfused units, as expected, did not differ between cases and controls.
Finally, feeding has been proposed as one of the classical triad that predispose to NEC. Breast milk has been associated with a much lower incidence of NEC than formula. 31, 32 Some studies could associate a shorter duration of trophic feeds and rapid advance of feeds with the development of NEC. 33, 34 However, in published meta-analyses, NEC was not affected by the slow start of feed 35 or slow advance of feeds. 36 It is of interest that in our case-control study, infants who developed NEC were less likely to be on full feeds; indicating the presence of early signs of gastrointestinal intolerance before the full picture of NEC ensues. After feeding, vasodilation and increase in the intestinal blood flow and oxygen delivery occur and are largely mediated by the enteric nervous system and endothelial derived substance P. 24 Using Doppler ultrasound, Krimmel et al. 19 found that the expected post-prandial increase in superior mesenteric artery flow disappeared following RBC transfusion, which would theoretically put these babies at higher risk for NEC. 19 Feeding in-between two aliquots of transfusion did not alter the post-prandial change in mesenteric blood flow. Although the authors speculated that feeding during a transfusion is a safe practice, it is to be noted that during their study feeding was held during the actual transfusion and re-introduced only between two aliquots of transfusion. This is the first study that could document the association between a strict policy of withholding feeds during transfusion and a lower incidence of NEC. Although the demographics and common morbidities did not change between the two epochs, there was a significant decline in the incidence of NEC from 5.3 to 1.3%. We suggest that withholding feeds during transfusion is a safe practice that can ameliorate the risk of developing NEC. We understand that there are some limitations in our study. Cases with spontaneous intestinal perforation were not excluded. Also we only evaluated two 18-month periods, before and after implementing the feeding policy, in a disease known to sometimes come in waves. So the reproducibility of the presented results can not be reassured in different settings. However, the main purpose of this retrospective study as a hypothesis generator has been fulfilled. It is not clear from this study what should be the perfect span for withholding feeds and whether there is a dose-response protective effect when holding feeds for longer duration. Withholding one or two feeds during transfusion does not allow enough time for the entire gastrointestinal tract to clear its content. Thus, this study creates more questions than expected and demands a large multicenter randomized trial to validate our findings and to answer the newly raised questions. Until then, we will continue to withhold feeds during transfusion. 
Conclusion
Necrotizing enterocolitis is a multifactorial disease that ends in severe morbidity and mortality in premature infants. RBC transfusion has been described in multiple reports to be associated with NEC. In a single level III NICU, premature infants who developed NEC were more likely to have received RBC transfusion in the preceding 48 to 72 h. Withholding feeds during transfusion is seemingly a physiologically plausible and safe intervention that may have a protective effect.
